The mammalian target of rapamycin (mTOR) is an evolutionarily conserved serine/threonine protein kinase that regulates numerous cellular processes including cell growth, proliferation, cell cycle, and autophagy. mTOR forms two different multi-protein complexes referred to as mTOR complex 1 (mTORC1) and mTORC2, and each complex exerts distinct functions exclusively. mTORC1 activity is sensitive to the selective inhibitor rapamycin, whereas mTORC2 is resistant. mTORC1 is regulated by many intra-and extra-cellular cues such as growth factors, nutrients, and energy-sensing signals, while mTORC2 senses ribosome maturation and growth factor signaling. This review focuses on current understandings by which mTORC1 pathway senses cellular nutrient availability for its activation.
Introduction
Mammalian target of rapamycin (mTOR) is an evolutionarily conserved large serine/threonine protein kinase and a member of the phosphoinositide-3-kinase (PI3K) related kinase family [1] . mTOR possesses multiple conserved domains including HEAT (Huntignton, elongation factor-3, a subunit of protein phoshpatase-2A, TOR1) repeats, a FAT (FRAP, ATM, and TRRAP) domain, an FATC domain, a FRB [FKBP12 (FK506-binding protein 12)-rapamycin-binding] domain, and a kinase domain [2] .
It is well known that mTOR forms two different functional complexes termed as mTOR complex 1 (mTORC1) and mTORC2 [3] . mTORC1 exists as a multi-protein complex containing mTOR, Raptor, mLST8 (GbL), and PRAS40 [4] [5] [6] [7] [8] , while mTORC2 consists of mTOR, Rictor, mSin1 (MAPKAP1), PRR5, and mLST8 [3, [9] [10] [11] [12] [13] [14] [15] . Importantly, the configuration of each complex is also conserved across species [3] . Raptor is an essential component for the mTORC1 signaling and functions as a scaffolding protein to recruit mTORC1 substrates such as S6 kinase (S6K) and eIF4E (eukaryotic translation initiation factor 4E) binding proteins (4EBPs) through their TOR signaling (TOS) motifs [16] [17] [18] . Interestingly, recent studies have shown that Raptor also plays a significant role for intra-cellular localization of mTORC1 in sensing amino acid availability, an essential cellular cue for mTORC1 activation (summarized below) [19] . PRAS40 (Proline-rich AKT substrate of 40 kDa) is originally identified as a substrate of Akt kinase [20] , but recent studies have found that it may function as a negative regulator of mTORC1 [7, 8] . It has also been shown that the interaction of PRAS40 with mTOR is disrupted due to phosphorylation by either mTOR or Akt, thereby inducing the ability of mTORC1 to phosphorylate other substrates such as S6K [21] . This module may be one of the mechanisms by which the PI3K -Akt pathway induces mTORC1 activity. The mechanism by which rapamycin suppresses mTORC1 function has been elucidated by the discoveries of these components and their structures. Rapamycin, an antifungal agent originally purified from Streptomyces hygroscopicus, binds to FKBP12 and this drug-protein complex directly binds to the FRB domain of mTOR [22] . Recent studies have revealed that mTORC1 forms a dimer and that this dimerization is important for mTORC1-mediated phosphorylation of 4EBP1 but not S6K [23] [24] [25] . The binding of Rapamycin-FKBP12 to the FRB domain of mTOR weakens the mTOR-Raptor interaction and ultimately disrupts the dimeric formation, thereby inhibiting mTORC1-dependent 4EBP1 phosphorylation [25] . It is important to note that Rapamycin-FKBP12 may also block access to the mTOR active site for phosphorylation of larger substrates such as S6K. mTORC2 activity is known to be rapamycin resistant during short-term treatment [9, 10, 26] . Rictor is a core protein for mTORC2 catalytic activity, and it appears to recruit substrates to mTORC2 in a manner similar to that of Raptor in mTORC1 [9, 27] . mSin1 is also an essential component for mTORC2, and its depletion abolishes mTORC2 activity while also disrupting the interaction between Rictor and mTOR [11] [12] [13] . Interestingly, ablation of mLST8, the common component of both mTORC1 and mTORC2, results in disruption of the Rictor-mTOR but not of the Raptor-mTOR interaction [28] . Consistent with these findings, mLST8 is crucial for mTORC2 activity but not for mTORC1 function in vivo [28] . More recently, it has been identified that the DEP domain containing mTOR interacting protein (DEPTOR) is the common component for both mTORC1 and mTORC2 [29] . DEPTOR negatively regulates both mTORC1 and mTORC2 functions, and loss of DEPTOR activates the mTOR kinase activity in both complexes.
Downstream of mTOR Complexes
mTOR regulates multiple cellular processes such as cell growth, cell cycle, cell survival, and autophagy. The most well-characterized substrates for mTORC1 are S6K and 4EBP1 [30 -32] . mTORC1 phosphorylates S6K at multiple sites, particularly Thr389 and Ser371, the major mTORC1-targeting phosphorylation sites [33, 34] . T389 phosphorylation on S6K1 creates the binding motif for phosphoinositide-dependent kinase-1 (PDK1) and the associated PDK1 phosphorylates T229 in the activation loop of S6K1, a process essential for the activation of S6K [35] [36] [37] . S6K plays important roles in the regulation of initiation, mRNA processing, and cell size control. In vivo experiments have shown that S6K depletion in Drosophila results in reductions in body size and decreases in cell size [38] . Similarly, S6K1 knockout mice have a body size that is 80% of that of their littermates [39] .
4EBPs (4EBP1 and 4EBP2), which are known to function as translational repressors, are also well-known mTORC1 substrates [40] . 4EBPs have an eIF4E binding domain, which is shared by eIF4G, an essential scaffolding protein that forms the eIF4F complex [32] . Hypophosphorylated 4EBPs bind to eIF4E, which in turn recognizes the 5 0 -end cap of the majority of eukaryotic mRNAs. Phosphorylation of 4EBPs by mTORC1 promotes the dissociation of 4EBPs from eIF4E, thereby relieving the inhibitory effect of 4EBPs on eIF4E-dependent translation initiation [41] . Recent studies have shown that 4EBPs are crucial elements of the mTORC1 pathway that regulate cell number and proliferation [42] . mTORC1 is also an important player in the regulation of autophagy, a catabolic process involving the degradation of the cell's own components through the lysosomal machinery [43, 44] . ULK1, a mammalian homolog of Atg1 in yeast, forms a complex with FIP200 and mAtg13 in mammals, and has been shown to have an essential role in autophagosomal formation [45, 46] . Recent studies have shown that mTORC1 interacts with the ULK1 complex via Raptor and negatively phosphorylates mAtg13 and ULK1 to suppress ULK1 kinase activity, thereby inhibiting autophagosome formation [47, 48] . ULK1 is also phosphorylated by AMP-activated protein kinase (AMPK). Recent studies have shown that AMPK-dependent ULK1 phosphorylation activates its kinase activity and plays a role in the induction of autophagy. These studies demonstrate that ULK1 phosphorylation by AMPK protects mTORC1-mediated ULK1 inhibition [49, 50] .
Due to its resistance to rapamcyin, knowledge of targets downstream of mTORC2 has lagged behind that of mTORC1. In contrast to the mTORC1 that is regulated by an array of extra and intra-cellular cues, mTORC2 is primarily regulated by growth factor-mediated PI3K signaling and plays important roles in cell survival and actin reorganization [9, 12, 26] . Recent studies have revealed that S6K-related kinases belonging to the AGC kinase family can be phosphorylated by mTORC2. These kinases include AKT, protein kinase Ca(PKC), and serum/glucocorticoid regulated kinase 1 (SGK1) [9, 27, 51] . AKT is the most well-characterized substrate of mTORC2 [27] , and phosphorylation of the AKT hydrophobic motif (Ser473) as well as the turn motif (Ser450) is abolished in cells lacking an essential mTORC2 component such as Rictor or mSin1, indicative of an essential role of mTORC2 in the regulation of these phosphorylation sites [12, 28] . However, mTORC2 catalyzes these phosphorylation sites through different mechanisms [52, 53] . Recent studies have demonstrated that the turn motif phosphorylation of AKT is catalyzed by mTORC2 during the translation of newly synthesized AKT polypeptides, whereas the hydrophobic site is phosphorylated after AKT is matured [54] . Interestingly, Zinzalla et al. have demonstrated that PI3K activity induces an association of mTORC2 with the ribosome, which enhances mTORC2 kinase activity for the phosphorylation of both the hydrophobic and turn motifs of AKT [55] . Although it remains elusive as to whether all the substrates of mTORC2 can be catalyzed via ribosome/ mTORC2-dependent manner, these observations indicate that mTORC2 functions with ribosomes to facilitate not only the maturation of AKT kinase through the turn motif phosphorylation but also the activation of AKT through the hydrophobic phosphorylation.
Upstream of mTORC1
mTORC1 is regulated by multiple upstream factors including growth factors, nutrients such as glucose and amino acids ( Fig. 1) [56] . The molecular mechanisms by which these extra-and intra-cellular signals regulate mTORC1 have been extensively investigated. The most proximal molecule having a key role in the regulation of mTORC1 activity is the small GTPase Rheb. Rheb is a Ras-related GTPase protein originally identified as a gene that is rapidly induced in brain neurons by synaptic activity [57, 58] . As is the case of other small GTPases, the GTP-bound form of Rheb is active while the GDP-bound form is inactive. Genetic and biochemical studies have unequivocally demonstrated that Rheb functions upstream of mTORC1 [59] [60] [61] [62] [63] [64] [65] . Biochemical studies have demonstrated that Rheb may associate with mTOR, although it remains unclear as to whether endogenous active Rheb preferentially interacts with mTOR in vivo [66, 67] . However, importantly, purified active Rheb sufficiently stimulates mTORC1 kinase activity in vitro, suggesting that Rheb is a critical proximal activator of mTORC1 [8, 68] . The activity of Rheb is tightly regulated by the tuberous sclerosis gene products, TSC1 (hamartin) and TSC2 (tuberin) [60, 61, 63] . Mutations of either the TSC1 or TSC2 genes causes tuberous sclerosis complex (TSC), a disease characterized by the formation of benign tumors (hamartomas) in multiple tissues [69, 70] . TSC1 and TSC2 form a functional complex in vivo and this complex functions as a tumor suppressor [71] . TSC1 stabilizes TSC2 that possesses a GAP (GTPase-activating protein) domain in its carboxyl terminus. The identification of TSC2 as a negative regulator for the Rheb-mTORC1 pathway significantly advances our understanding as to how growth signals activate mTORC1. It has been shown that multiple growth-related kinases such as AKT, ERK, and RSK phosphorylate TSC2 and inhibit the function of the TSC complex, thereby activating the Rheb-mTORC1 pathway [72] [73] [74] . In TSC1 as well as TSC2 deficient cell lines, mTORC1 activity is constitutively active and deprivation of growth factors fails to inhibit mTORC1 activity in these cells [75] . However, it remains unclear as to how the phosphorylation of TSC2 by the above kinases affects TSC2 GAP activity.
Recent studies have also revealed that mTORC1 activity is modulated by intra-cellular energy levels via multiple mechanisms. AMPK, an essential energy sensor, plays a key role in energy-dependent mTORC1 regulation. On nutritional crisis such as glucose deprivation, intra-cellular concentration of AMP is increased and results in the activation of AMPK. AMPK phosphorylates a wide array of substrates that inhibits anabolism but activates catabolism [76] . Protein synthesis is a process consuming large amounts of energy, and this anabolic process becomes an important target of AMPK [77] . Previous reports have demonstrated that AMPK also phosphorylates multiple proteins in the mTORC1 signaling including TSC2 and Raptor [78, 79] . AMPK-dependent phosphorylation of these targets leads to suppression of mTORC1 activity, thereby inhibiting major anabolic processes under energy-deficient conditions. More recently, Zheng et al. have demonstrated another mechanism of down-regulation of the mTORC1 pathway in response to glucose deprivation [80] . This study has revealed that the p38b MAPK-PRAK cascade can be activated in cells under glucose starvation conditions. Interestingly, PRAK phosphorylates Rheb, and PRAK-dependent Rheb phosphorylation reduces the nucleotide-binding ability of Rheb. This may lead to destabilization of Rheb, thereby inhibiting the mTORC1 pathway.
Although a body of evidence indicates an essential role of Rheb for the activation of mTORC1, the molecular mechanisms by which Rheb activates mTORC1 have not been satisfactory addressed. The phosphatidic acid (PA) biosynthetic pathway has been postulated as an important element downstream of Rheb to activate mTORC1 pathway. Previous studies have demonstrated that PA directly interacts with mTOR and has a positive role for the mTORC1 pathway, because an inhibition of PA accumulation using 1-butanol or knockdown of PL-D1, an enzyme essential for PA production, diminishes mTORC1 activity in vivo [81, 82] . Interestingly, recent study has shown that active Rheb (GTP-bound form) binds and activates PL-D1 in vitro, raising the possibility that Rheb also indirectly activates mTORC1 via PA production [83] . It is intriguing to test the effect of PA on mTORC1 activity in vitro as well as mTOR localization in cells to dissect the role of Rheb-PL-D1-PA axis in the activation of mTORC1 pathway.
Amino Acids Sensing
Amino acids, fundamental nutrients for all cells, are also essential for mTORC1 signaling. In response to amino acid depletion, mTORC1 activity is rapidly abolished [84] . In contrast, exposure to amino acids enhances mTORC1 activity in the presence of growth factors. It is clear that both amino acids and growth factors are two indispensable factors for mTORC1 activity. Among amino acids, leucine and glutamine are two most important for mTORC1 activity [84, 85] . Leucine deprivation rapidly inhibits both S6K and 4EBP1 phosphorylation. Although it remains unclear as to how a single amino acid or its metabolite is proximally important for mTORC1 activation, a recent study has revealed an unexpected role of glutamine uptake for leucine-induced mTORC1 activation. Glutamine, another essential amino acid for mTORC1 activation, is incorporated into cells via the SLC1A5 transporter in a Na þ -dependent manner. Interestingly, the incorporated intra-cellular glutamine becomes a key substance to trigger leucine uptake via the bidirectional transporter SLC7A5-SLC3A2. These observations indicate that glutamine is an essential source for the uptake of leucine. Consistently, loss of SLC1A5 suppresses mTORC1 activity and cell growth while inducing autophagy [86] . The mechanism by which amino acids such as leucine stimulate mTORC1 activity has been a major point of focus in this pathway.
Recent studies using genetic as well as a biochemical approaches have started to uncover this black box. Using RNAi screening in Drosophila cells, CG7097, a mammalian ortholog of MAP4K3 [also known as GLK (germinal centre-like kinase)] has been identified as an amino acids-sensitive regulator of the mTORC1 [87] . Loss of function of MAP4K3 in mammalian cells causes reduction of mTORC1 activity, while gain of function of the MAP4K3 enhances mTOR1 activity and renders the mTORC1 pathway insensitive to amino acids. Importantly, the study demonstrates that the kinase activity of MAPK4 is regulated by amino acids. Consistent with these biochemical observations in mammalian cells, lack of CG7097 in Drosophila contributes to small body size that is a phenocopy with reduced dTOR function or growth under low-nutrients condition [88, 89] . More recent study has shown that PR61 epsilon, a PP2A-targeting subunit, plays an important role in the regulation of MAP3K3 phosphorylation in response to amino acids [90] . Phosphorylation of Ser170 in the activation segment of MAP3K3 is required for MAP4K3 activity and its activation of mTORC1 signaling. Importantly, on amino acid deprivation, PP2A/PR61 interacts with MAP4K3, thereby promoting dephosphorylation of Ser170 and inhibiting mTOR signaling. These studies have demonstrated an important role of MAP4K3 in amino acid-sensitive mTORC1 regulation. However, the mechanism by which MAP4K3 activates the mTORC1 pathway remains unclear.
Class III phosphatidylinositol-3-kinase, Vps34 has also been proposed as a factor implicated in the regulation of amino acids-induced mTORC1 activation. Overexpression of Vps34 increases S6K phosphorylation in the presence of amino acids, while amino acids fails to enhance S6K phosphorylation in Vps34 deficient mammalian cells [91, 92] . These observations suggest that Vps34 functions upstream of mTORC1 in amino acid sensing. Intriguingly, neither ablation of dVps34 nor overexpression of the kinase-inactive dVps34 has impact on dTORC1-mediated cell growth in Drosophila fat body [93] . Furthermore, ubiquitous overexpression of wild type or kinase-inactive dVps34 has no effect on the phosphorylation of dS6K in larval extracts. However, loss of dVps34 function does suppress dTOR-Atg1-mediated autophagy induction under starvation condition. These observations indicates that dVps34 functions downstream of dTORC1-dependent nutrient signaling in Drosophila. The discrepancy of above observations could be due to the difference of primary role of PI(3)P generated by Vps34 in cultured mammalian cells and Drosophila organisms, since Vps34 has multiple functions not only in autophagy but also endocytosis and membrane as well as protein sorting/trafficking [93, 94] . It is possible that disruption of some of those Vps34 functions in cultured mammalian cells may affect amino acid sensing mechanisms of mTORC1. Nevertheless, future studies using in vivo mammalian system will be necessary to clarify physiological role of Vps34 in amino acids-sensitive mTORC1 regulation.
Rag-Ragulator
Another important development elucidating the molecular mechanism by which amino acids enhance the mTORC1 pathway is the identification of the Rag small GTPase family in the spatial regulation of mTORC1 localization. Two biochemical and genetic studies have complementarily demonstrated that Rag plays a crucial role in amino acidsensitive mTORC1 regulation [19, 95] . The mammalian Rag subfamily of GTPase consists of Rag A, B, C, and D, and belongs to the super-family of Ras-related GTPases [96] . RagA and RagB are homologous to yeast Gtr1p, while the yeast Gtr2p is a homolog of RagC and RagD [97] . As seen in the yeast Gtr1p/Gtr2p complex, mammalian RagA or RagB forms a heterodimer with RagC or RagD and functions as a hetrodimeric complex. A unique feature of this Rag complex is that RagA/B is the GTP form whereas RagC/D is the GDP form in the active complex [98] . It has previously been demonstrated that the Gtr1p-Gtr2p heterodimer forms a complex with EGO1 (GSE2) as well as EGO3 (GSE1) and localizes at endosomes where the complex may exert a crucial role for GAP1 (general amino acid transpoter) translocalization to the plasma membrane in response to amino acid insufficiency [98, 99] .
Sancak et al. have identified that the Rag heterodimer interacts with Raptor, an essential component of mTORC1 [19] . Importantly, the interaction between Raptor and the Rag heterodimer is dependent on the levels of GTP-bound RagA or RagB in the heterodimer. Furthermore, amino acid deprivation reduces the levels of GTP-charged RagB. More importantly, two studies have demonstrated that knockdown of RagA/B or dominant negative RagA/B expression significantly inhibits the mTORC1 pathway [19, 95] . In contrast, constitutively active RagA/B renders mTORC1 resistant to amino acid deprivation. Consistent with these biochemical data in the mammalian system, loss or gain of function of Drosophila Gtr1 (dRagA) causes an increase or a decrease in wing cell size, respectively [95] . Furthermore, constitutively active dRagAQ61L inhibits starvation-induced autophagy in fat body cells, thereby suggesting that dRags (dRagA/dRagC) function upstream of dTORC1. Importantly, the epistatic studies in Drosophila show that dRags functions upstream of dRheb in the regulation of dTORC1 activation [95] .
How do Rag GTPases regulate mTORC1 activity in response to amino acids? In in vitro studies, purified active Rag GTPases, unlike the Rheb small GTPase, are not able to stimulate mTORC1 kinase activity, therefore suggesting that Rags may stimulate mTORC1 pathway indirectly in vivo [8, 19, 68] . Strikingly, immunofluorescence studies demonstrate that amino acid treatment induces co-localization of mTOR with LAMP2 (late endosome or lysosome marker) [19] . Furthermore, Rag small GTPases are constitutively expressed at LAMP2-positive compartments. In addition, mTOR or Raptor localization at the LAMP2-positive compartments is dependent on the levels of GTP-bound form of RagA/B. These data suggest that mTORC1 may translocate to the lysosomal membrane in a manner dependent on Rag, whose activity is regulated by amino acid availability. Consistent with these models, knockdown of RagA/B, or dominant inactive RagB mutants block amino acid-induced mTOR localization at the lysosome. The active Rag heterodimer, however, sufficiently translocates mTOR to the lysosomal membrane with concomitant mTORC1 activation under amino acid starvation conditions. Given the fact that exogenous Rheb can be expressed in the LAMP2-positive compartment, these observations together indicate that the active Rag heterodimer allows mTORC1 to translocate on the lysosome or late endosome where mTORC1 interacts with Rheb, thereby enhancing mTORC1 activity in response to amino acids. These spatial and temporal regulations of mTORC1 by Rag and Rheb logically explain how the signals from amino acids and growth factors are integrated and activate the mTORC1 pathway [19] (Fig. 2) .
Lack of lipid modification motifs such as those for farnesylation or myristoylation represents a unique feature of the Rag small GTPases within the Ras-related GTPase family [96] . However, studies suggest that Rags constitutively express and function on the lysosomal membrane in the regulation of mTORC1 [19] . Using biochemical approaches, Sancak et al. have identified that mammalian Rag forms a complex with the MAPK scaffolding protein 1 (MP1), p14, and p18 encoded by MAKSP1, ROBLD3, and c11orf59, respectively [100] . This is similar to the EGO complex in Saccharomyces cerevisiae, which acts as a binding protein of Rag GTPases [99] . Previous studies have reported that MP1, p14, and p18 form a functional hetero-trimer [101] . These three proteins are conserved from Drosophila to mammals [100] . Interestingly, it has previously been demonstrated that the MP1/p14/p18 complex localizes endosomal and lysosomal membrane via the myristoylation and the palmitoylation of p18 [101] . p18 acts as a scaffolding protein in the complex, and for the endosomal MEK1-ERK signaling. p18 knockout mice show an embryonic lethal phenotype and display severe Figure 2 Amino acids sensing of mTORC1 Rag-Ragulator-dependent mTORC1 activation in response to amino acid. On amino acids stimulation, Rag anchored by Ragulators (MP1/p14/p18) on the lysosome membrane can be activated by an unknown mechanism, and the active Rag complex subsequently recruits mTORC1. On the lysosomal membrane, the mTORC1 is activated by Rheb, whose activity is enhanced by growth factor-mediated suppression of TSC complex. This model nicely explains how amino acids and growth factor signals are coordinated to produce maximal activation of mTORC1 at the lysosome by active Rag and Rheb small GTPases. The dotted or solid line indicates indirect or direct regulation, respectively. defects in endosome/lysosome organization. Lack of one of the members of the MP1/p14/p18 complex displays similar phenotypes to those in Rag deficient cells. For instance, amino acid treatment fails to stimulate mTORC1 translocalization as well as activity. Importantly, lack of the functional MP1/p14/p18 complex causes a mis-localization of Rag GTPases [100] . These studies suggest that the MP1/ p14/p18 complex functions as an anchor for Rag GTPases to recruit mTORC1 at the lysosomal membrane for its activity. Given the fact that both the MP1/p14/p18 complex and the EGO complex play an important role for mTORC1 and TORC1 function, respectively [102] , they should be evolutionarily conserved functional complexes in the nutrient-sensitive TORC1 regulation. Consistently, recent studies have demonstrated structural similarities between p18 and the EGO1. Furthermore, structural analyses have revealed a significant similarity between the fold of the MP1/p14 hetrodimeric complex and EGO3 [103] . Thus, the RagA/B-RagC/D-MP1/p14/p18 complex may be a structurally as well as functionally conserved homolog of the yeast Gtr1p-Gtr2p-EGO3/EGO1 complex.
Considering an important role of organelles such as late endosome/lysosome as essential working places in amino acids-sensitive mTORC1 activation, it is conceivable that many other functional proteins in the late endosome/lysosome as well as the proteins that have a role in membrane dynamics may directly or indirectly implicate in the regulation of amino acids-sensitive mTORC1 pathway. Consistently, recent studies have demonstrated that other small GTPases such as RalA, Rab5, Rab7, and Arf1 that regulate protein trafficking and membrane dynamics involves in the regulation of mTORC1 activation [68, [104] [105] [106] .
Concluding Remarks
With recent important findings, current understandings of the molecular mechanisms underlying nutrient-sensitive mTORC1 regulation have significantly advanced. Spatial and temporal activation of mTORC1 by two distinct small GTPases have highlighted the delicate regulation of the mTORC1 pathway. However, many questions remain unanswered. For instance, given the new players such as the Rag small GTPase hetrodimeric complex in the amino acid-sensitive mTORC1 regulation, how do amino acids regulate RagA/B as well as RagC/D activities (GTP-GDP ratio)? There should be guanine exchange factors (GEF) and GAPs for Rag GTPases, which might be regulated by amino acids; however, they have not been identified yet in mammals. It is conceivable that multiple regulators may be involved in the regulatory processes in which GDP is replaced by GTP in RagA/B, while GTP is exchanged by GDP in RagC/D on amino acid stimulation. Recent studies have shown that Vam6 functions as a GEF for Gtr1p and promotes GTP-loading of Gtr1p, which results in activation of TORC1 in yeast. Vps39, however, a mammalian homologue of yeast Vam6, has little effect on the amino acid-induced mTOR translocalization to the lysosomal membrane, although ablation of Vps39 in mammalian cells does show inhibitory effects on mTORC1 activity [102, 105] . Another question is where the accumulated mTORC1 on the lysosome or late endosome membrane under nutrient rich condition quickly disappears in response to amino acid starvation. Is there any special mechanism to transfer active mTORC1 to another organelle without using consumable energy? Furthermore, where exactly is endogenous Rheb expressed, and do any additional Rheb GEFs exist? Although it seems that MAP4K3 functions upstream of the Rag system in amino acid-sensitive mTORC1 regulation, what is the precise relationship between the Rag system and MAP4K3? Although there are still many questions in this pathway, we anticipate that these answers will be uncovered soon.
